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Two neuropeptides recruit different messenger pathways to
evoke Ca2+ signals in the same cell
Denis Burdakov and Antony Galione
Bombesin and cholecystokinin (CCK) peptides act as
signalling molecules in both the central nervous system
and gastrointestinal tract [1–4]. It was reported recently
that nicotinic acid adenine dinucleotide phosphate
(NAADP) releases Ca2+ from mammalian brain
microsomes [5] and triggers Ca2+ signals in pancreatic
acinar cells, where it is proposed to mediate
CCK-evoked Ca2+ signals [6]. Here, for the first time,
we have finely resolved bombesin-induced cytosolic
Ca2+ oscillations in single pancreatic acinar cells by
whole-cell patch-clamp monitoring of Ca2+-dependent
ionic currents [6–8]. Picomolar concentrations of
bombesin and CCK evoked similar patterns of cytosolic
Ca2+ oscillations, but high, desensitising, NAADP
concentrations selectively inhibited CCK, but not
bombesin-evoked signals. Inhibiting inositol
trisphosphate (IP3) receptors with a high concentration
of caffeine blocked both types of oscillations. We
further tested whether NAADP is involved in Ca2+
signals triggered by activation of the low-affinity CCK
receptor sites. Nanomolar concentrations of CCK
evoked non-oscillatory Ca2+ signals, which were not
affected by desensitising NAADP receptors. Our results
suggest that Ca2+-release channels gated by the novel
Ca2+-mobilising molecule NAADP are only essential in
specific Ca2+-mobilising pathways, whereas the IP3
receptors are generally required for Ca2+ signals. Thus,
the same cell may use different combinations of
intracellular Ca2+-releasing messengers to encode
different external messages.
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Results and discussion
The short-lasting (1–5 seconds) spikes of Ca2+-dependent
monovalent cation and chloride currents in pancreatic
acinar cells are due to short-lasting increases in the cytoso-
lic Ca2+ concentration localised to the secretory pole of 
the cell, whereas the long-lasting spikes (0.5–2 minutes)
correspond to global elevations in cytosolic Ca2+ [9–11].
Extracellular application of picomolar concentrations of
CCK (acting on extracellular CCKA receptors) evokes a
mixture of short-lasting and long-lasting Ca2+ spikes, with
the frequency of long-lasting spikes increasing with
increasing CCK concentration [7,12]. The bombesin-like
neuropeptide gastrin-releasing peptide (GRP) can also
evoke cytosolic Ca2+ signals in mouse pancreatic acinar
cells, by acting on extracellular bombesin receptors
[4,13,14]. We stimulated 40 single cells with 1–100 pM
bombesin, added to the external solution. In the concen-
tration range 2–100 pM, every bombesin concentration
tested (2, 5, 10 and 100 pM) could evoke a mixture of
short-lasting and long-lasting cytosolic Ca2+ spikes, but the
frequency of long-lasting spikes increased with increasing
bombesin concentration (Figure 1). At a concentration of
1 pM, bombesin failed to evoke Ca2+ signals, whereas the
frequency of oscillations induced by 2 pM bombesin varied
considerably between different cells tested (Figure 1), sug-
gesting that for the cells used in the present study 2 pM
bombesin was close to threshold for evoking Ca2+ signals.
For 2 pM CCK (51 spikes from four cells), and 2 pM
bombesin (42 spikes from four cells), a two-tailed unpaired
t-test at 95% significance revealed no significant differ-
ences in either spike frequency (for 2 pM CCK, mean ±
SEM = 1.75 ± 0.31 per minute; for 2 pM bombesin,
mean ± SEM = 2.50 ± 0.85 per minute, p = 0.440) or spike
duration taken at 50% amplitude (for 2 pM CCK, mean ±
SEM = 2.33 ± 1.10 seconds; for 2 pM bombesin, mean ±
SEM = 1.92 ± 0.39 seconds, p = 0.739). Thus, bombesin-
evoked cytosolic Ca2+ oscillations were similar to those
induced by CCK in both the patterns and the concentra-
tion of neuropeptide required to produce them.
NAADP, a Ca2+-mobilising molecule originally discovered
in sea urchin eggs [15], can also release Ca2+ from brain
microsomes [5] and induce cytosolic Ca2+ signals in pan-
creatic acinar cells [6]. In the latter, Ca2+ signals were
evoked by intracellular infusion of 50 nM NAADP,
whereas higher (micromolar) concentrations of NAADP
never produced any Ca2+ signals, probably due to rapid
and complete desensitisation of NAADP-dependent Ca2+
release mechanisms [3,6]. High, desensitising, concentra-
tions of NAADP are thus a valuable tool for investigating
the role of NAADP in intracellular signalling. While high
cytosolic concentration of NAADP suppressed Ca2+
signals induced by picomolar concentrations of CCK [6], it
is still unknown whether NAADP receptors are generally
involved in agonist-evoked Ca2+ release, or used only in
particular pathways.
We compared the effects of a high cytosolic NAADP
concentration on bombesin and CCK-evoked cytosolic
Ca2+ oscillations in single cells. When 500 µM NAADP
was present in the internal pipette solution (and thus
allowed to diffuse into the cell), the responses to 2 pM
CCK were inhibited in all three cells tested, whereas
without high NAADP in the pipette all three control
cells responded normally to CCK (Figure 2a). In con-
trast, with 500 µM NAADP in the pipette, all four cells
examined responded normally to 2 pM bombesin, as did
the four control cells (Figure 2b). Statistical analysis
(two-tailed unpaired t-test at 95% significance) of 2 pM
bombesin-induced spikes in the presence (55 spikes
from four cells) and absence (42 spikes from four cells) of
high NAADP confirmed that neither the frequency (with
NAADP, mean ± SEM = 3.20 ± 1.52 per minute; without
NAADP, mean ± SEM = 2.50 ± 0.85 per minute, p = 0.702)
nor the duration at 50% amplitude (with NAADP,
mean ± SEM = 6.23 ± 4.93 seconds; without NAADP,
mean ± SEM = 1.92 ± 0.39 seconds, p = 0.417) of bombesin-
induced spikes were significantly reduced by high
NAADP. The responses to 5 pM (n = 4 cells) and 10 pM
(n = 3) bombesin were also unaffected by 500 µM intra-
cellular NAADP. Thus, while NAADP receptors seem to
be essential for CCK-induced Ca2+ oscillations, they
appear not to be required for the oscillations induced
by bombesin. 
Caffeine is a membrane-permeant, reversible IP3 receptor
antagonist, which at high concentrations (10–20 mM) has
been shown to inhibit Ca2+ oscillations induced by acetyl-
choline, IP3 and a non-sulphonated CCK analogue
CCK8NS [3,16,17]. We tested the effect of 20 mM caf-
feine on CCK and bombesin-evoked Ca2+ signals in single
cells. When 20 mM caffeine was added externally during
the stimulation with CCK (10 pM), the responses were
reversibly inhibited (n = 3, Figure 3a). The responses to
bombesin (5 and 10 pM) were similarly reversibly inhib-
ited by 20 mM caffeine (n = 5, Figure 3b). 
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Figure 2
Effect of a high cytosolic NAADP concentration on Ca2+ oscillations
induced by low concentrations of CCK and bombesin. (a) Responses
to CCK (2 pM) were blocked when 500 µM NAADP was included in
the pipette (intracellular) solution. Two typical responses to 2 pM CCK
are shown to illustrate the variability of the response between different
cells. (b) In contrast, in the presence of 500 µM NAADP in the pipette
solution, bombesin (2 pM) evoked normal responses. Two different
responses to 2 pM bombesin in the presence of NAADP are shown to
illustrate that neither long-lasting nor short-lasting spikes were affected
by NAADP infusion.
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Figure 1
Cytosolic Ca2+ signature of bombesin. Illustrative responses of
single cells to a range of concentrations of bombesin. The responses
to each concentration were variable, containing a mixture of short-
and long-lasting Ca2+ spikes, but the probability of triggering
long-lasting spikes increased with increasing bombesin
concentration. Two typical responses to 2 pM bombesin are shown
to demonstrate how the spike frequency at this low, just
suprathreshold, concentration could vary between different cells.
On this and subsequent figures, the top trace of the patch-clamp
recordings shows Ca2+-dependent currents at 0 mV membrane
potential, and the bottom trace shows the currents at –30 mV (the
protocol is described in greater detail in [6]).
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Thus, caffeine inhibits Ca2+ signals induced by IP3,
CCK8NS, acetylcholine [3,18], CCK and bombesin
(Figure 3). Heparin, another IP3 receptor antagonist,
inhibits IP3, CCK, NAADP and cyclic ADP ribose-induced
Ca2+ signals [3,6,11]. There is, therefore, considerable evi-
dence that, in pancreatic acinar cells, IP3 receptors are nec-
essary for cytosolic Ca2+ oscillations irrespective of what
triggers them, probably because they comprise a Ca2+-
induced Ca2+ release amplification mechanism essential for
sustaining Ca2+ signals [17,18]. 
NAADP-mediated Ca2+ release is not modulated by Ca2+
[19], and hence is unlikely to play a role in amplifying
Ca2+ signals. Thus, considering that low concentrations of
CCK rely on NAADP receptors to evoke Ca2+ signals
(Figure 2a), and cause only minimal changes in intracellu-
lar IP3 levels [4], NAADP is likely to serve as a trigger for
Ca2+ signals induced by low concentrations of CCK. CCK
and bombesin may therefore recruit different signal-trig-
gering mechanisms (Figure 2) to arrive at the common
signal amplifier involving IP3 receptors (Figure 3). 
In addition to high-affinity (picomolar) extracellular CCK-
binding sites, pancreatic acinar cells also have low-affinity
(nanomolar) sites, both of which are probably located
on the same CCKA receptor molecule [4]. Activation of
high-affinity CCKA receptor sites gives rise to cytosolic
Ca2+ oscillations, whereas the activation of low-affinity
CCKA receptor sites produces a transient non-oscillatory
cytosolic Ca2+ increase [4]. When we stimulated single
cells with 100 nM CCK, the Ca2+ response initially oscil-
lated, but later only a sustained elevation in cytosolic Ca2+,
gradually decaying back to baseline, was seen (n = 4,
Figure 4a). With our gravity perfusion system, the concen-
tration of CCK in the bath was likely to rise from 0 to
100 nM in a graded manner, and thus the response was
probably initially shaped by occupation of the high-affin-
ity sites. Including 500 µM NAADP in the pipette solu-
tion removed the initial oscillatory components from the
responses, while the transient non-oscillatory components
of the responses were unaffected (n = 3, Figure 4a). This
disappearance of the initial oscillatory component could
not be precisely correlated with an increase in the lag time
of response onset, because the bath locations of the indi-
vidual cells tested varied relative to the perfusion inlet.
Thus, it appeared that the activation of high-affinity CCK
binding sites gave oscillatory responses that depended on
NAADP receptors, while activation of low-affinity sites
gave non-oscillatory responses which did not require
NAADP receptors (Figure 4a).
To be more certain that the response due to activation of
low-affinity CCK binding sites was unaffected by high
intracellular NAADP, we incubated the cells in external
solution containing 5 pM CCK for 40 minutes before
recording, to desensitise the high-affinity CCK receptor
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Figure 3
Effect of high caffeine concentration on CCK and bombesin-evoked
cytosolic Ca2+ oscillations. When caffeine (20 mM) was added to
the external solution (and thus allowed to diffuse into the cells)
during stimulation with either (a) CCK or (b) bombesin, the
responses were inhibited. These effects were fully reversible upon
the removal of caffeine.
(b)
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Figure 4
Effect of a high cytosolic NAADP concentration on Ca2+ signals evoked
by high CCK concentration. CCK (100 nM) triggered a rise in Ca2+
with some oscillatory components superimposed initially. (a) In the
presence of 500 µM NAADP in the intracellular solution, the responses
to 100 nM CCK lacked the oscillatory components. (b) When the cells
were exposed to 5 pM CCK in the external solution for 40 min before
recording, 100 nM CCK evoked similar, non-oscillatory, responses in
both control and high cytosolic NAADP experiments.
(b)
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sites. Following this procedure, 100 nM CCK gave identi-
cal non-oscillatory responses in both control (n = 2) and
high internal NAADP (n = 3) experiments (Figure 4b).
This confirmed that the oscillatory responses to nanomolar
CCK were due to activation of high-affinity receptor sites,
and the Ca2+ signals due to activation of the low-affinity
sites did not require NAADP receptors.
We thus found that NAADP receptors are required specif-
ically for Ca2+ signals generated by activation of high-
affinity CCK receptors, and not for those induced by
activation of bombesin or low-affinity CCK receptors.
Hence, NAADP receptors probably provide a Ca2+ signal
trigger specifically for Ca2+ oscillations induced by low
concentrations of CCK whereas, for Ca2+ signals evoked
by bombesin and high CCK concentration, the simplest
explanation would be that IP3 receptors themselves act as
the signal trigger. This is consistent with previously
reported elevations in intracellular IP3 levels upon stimu-
lation with bombesin or nanomolar concentrations of
CCK, but only minimal increases in intracellular IP3
(probably insufficient to supply a Ca2+ signal trigger) upon
stimulation with low concentrations of CCK or with the
selective high-affinity CCKA receptor agonist JMV-180
[3,4]. Bombesin, high and low CCK concentrations all
induce Ca2+ signals originating in the secretory pole of the
pancreatic acinar cell [20]. Hence, the trigger channels
involved in these Ca2+ signals are probably all located in
the secretory pole, and Ca2+ release from these channels is
then amplified by Ca2+-induced Ca2+-release mechanisms
involving IP3 receptors. 
The same cell thus appears to recruit different combina-
tions of intracellular Ca2+ channels in response to stimula-
tion with different neuropeptides, or different concentrations
of the same neuropeptide. Because both pancreatic acinar
cells and brain microsomes are able to support the synthe-
sis of NAADP [5,6], this could imply that the cell gener-
ates IP3 and NAADP in different ratios to confer agonist
specificity to intracellular responses.
In summary, our data indicate that intracellular Ca2+ chan-
nels gated by the novel Ca2+-releasing molecule NAADP
are not generally required for intracellular Ca2+ release,
but are only involved in certain specific Ca2+-mobilising
pathways. In contrast, considerable evidence indicates
that IP3 receptors are generally essential for Ca2+ signals in
pancreatic acinar cells. Thus, the same cell may encode
different external messages by using different combina-
tions of intracellular Ca2+-releasing messengers. 
Materials and methods
Single-cell isolation, solutions and electrophysiology were as described
in [6]. All the chemicals were from Sigma.
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